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Adsorption of hydrogen atoms to a carbon atom vacancy in graphene is investigated by means of
periodic first principles calculations, up to the fully hydrogenated state where six H atoms chem-
ically bind to the vacancy. Addition of a single H atom is highly exothermic and barrierless, and
binding energies remain substantial for further hydrogenation, with a preference towards structures
with the least number of geminal pairs. Thermodynamic analysis shows that defective graphene
is extremely sensitive to hydrogenation, with the triply hydrogenated anti- structure prevailing at
room temperature and for a wide range of H2 partial pressures, from ∼ 1 bar down to < 10−20 bar.
This structure has one unpaired electron and provides a spin-half local magnetic moment contri-
bution to graphene paramagnetism. Comparison of our results with recent TEM, STM and µ-SR
experiments suggest that carbon atom vacancies may actually be hydrogenated to various degrees
under varying conditions.
I. INTRODUCTION
Defects in graphene such as ad-species or missing car-
bon atoms -commonly referred to as “pZ vacancies”-
play important roles in charge transport, magnetism
and chemistry of graphene. Most often they are un-
avoidable byproducts of the fabrication process (for in-
stance, when reducing graphene oxide) but they can also
be deliberately introduced by cold plasma treatment,
heavy-ion bombardment or high-energy electrons, in the
latter case employing the same transmission-electron-
microscopy (TEM) setup used to image the surface[1].
Vacancies and other under-coordinated sites are known
to be starting sites for metal-induced etching[2–4], to
show an enhanced chemical reactivity[5, 6] and to in-
corporate dopant species[7].
All the above defects introduce semi-localized pi
“midgap” states which decay slowly (as ∼ 1/r) from the
defect position[8–10] and host itinerant electrons which
are free to move on one of the two sublattices of which
graphene is made (the one opposite to the sublattice con-
taining the closest defect). As such, they act as reso-
nant scatterers and determine graphene conductivity at
zero and finite carrier densities[11–15], provide spin-half
semi-local magnetic moments detectable by magnetome-
try experiments[16, 17] and bias graphene chemical reac-
tivity towards specific lattice positions[18, 19].
Carbon atom vacancies occupy a special position in
this context since, in addition to the above pi−”midgap”
state, they have σ dangling bonds arising upon atom re-
moval from the breaking of the C-C bonds which held
the lattice atom in place. In the bare vacancy a struc-
tural (Jahn-Teller) distortion occurs that removes two of
these bonds, as predicted by theory[20–26] and confirmed
by scanning tunneling microscopy (STM)[10, 27–31] and
TEM[32] experiments. Even though is not clear whether
such distortion is static or dynamic[20], thereby break-
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ing or preserving the threefold symmetry of the ideal va-
cancy, it leaves one single σ electron which is free to cou-
ple with the above pi one. As a result, the ground state
of a bare vacancy is a triplet, but the singlet with one
spin flipped (which is only ∼ 0.2 eV higher in energy)
can be easily accessed if ripples in the graphene sheet or
interaction with a substrate are taken into account[26].
However, the newly formed C-C bond is rather weak,
as expected from its length (∼2.0 Å) which is much
larger than a typical single C-C bond, and can in prin-
ciple be broken by addition of e.g. H atoms. Thus,
under typical laboratory conditions, the question arises
to what extent hydrogenation occurs, and which struc-
tures result. This question is of interest in many respects:
the degree of hydrogenation (and their relative arrange-
ment) determines the residual magnetic moment of the
defect, influences the structure of the carbon atom va-
cancy (which might be locked in a distorted geometry[32]
or be statically symmetric), and possibly explain recent
muon spin-resonance (µ-SR) experiments suggesting for-
mation of geminal adducts of muonion species on singly
hydrogenated vacancies.
In this paper we study the structure, the stability, the
magnetic properties and the mechanism of the carbon
mono-vacancy hydrogenation, from one to six hydrogen
atoms, and discuss the relevance of our results to a num-
ber of experimental investigations. The paper is orga-
nized as follows: Section II outlines the method used and
the adopted computational set-up, Section III discusses
the results and Section IV summarizes and concludes.
II. THEORY
The structure and the energetics of single and multi-
ple hydrogenated vacancies in graphene was investigated
in periodic models with plane-wave density functional
theory (DFT) as implemented in the Vienna ab initio
simulation package (VASP)[33, 34]. The size of the su-
percell, as well as the relevant computational parameters
(k-mesh, plane wave cutoff for expanding the wavefunc-
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2tion and the charge density, etc.) were selected by pre-
liminary tests similarly to our recent work[26] and cho-
sen to be a good compromise between the need of min-
imizing interactions between periodic images and com-
putational cost. The exchange-correlation effects were
included via the Perdew-Burke-Ernzerhof [35, 36] func-
tional within the generalized gradient approximation, in
its spin-polarized form. Kohn-Sham orbitals were ex-
panded in a plane-wave basis set limited to a 500 eV en-
ergy cutoff and core electrons described by the projector
augmented-wave[37, 38] method. A 6× 6 supercell with
20Å vacuum between periodic replica normal to the sur-
face was used, and the Brillouin zone was sampled with a
6× 6× 1, Γ-centered k-point mesh; geometry relaxation
was performed till the Hellman-Feyman forces on each
atom decreased below 0.01 eV/Å.
Reaction energies for adsorbing n hydrogen atoms were
computed as
∆En = EV Hn − EV − EnH (1)
where EV Hn is the total energy of the n−times hydro-
genated vacancy (denoted as V Hn), EV that of the bare
vacancy (in its ground-state) and EnH is the reference
state of n hydrogen atoms, EnH = nEH . The latter,
along with the molecular energy EH2 to be introduced be-
low, was obtained with a setup similar to that described
above, using a Γ point calculation on a cubic cell with a
20 Å long side. Reaction energies for sequential adsorp-
tion, ∆∆En, were defined similarly as
∆∆En = ∆En −∆En−1 = EV Hn − EV Hn−1 − EH
(where, unless otherwise stated, ∆En−1 refers to the
most stable n− 1-times hydrogenated state) and used to
compare the relative strength of the different CH bonds
which may form during the adsorption process. We also
computed a few selected activation energies (barriers)
following the nudged elastic bands method[39] as imple-
mented in VASP.
III. RESULTS
A. Structure and energetics
As mentioned in the introduction, a vacancy in
graphene forms upon the extraction of a carbon atom
which leaves three σ dangling bonds and one unpaired
pi electron on the lattice. The σ electrons are tightly lo-
calized on the sites which are nearest neighbors of the
vacant one, while the pi electron delocalizes on one of the
two sublattices (similarly to the case of several mono-
valent chemisorbed species such as H and F) as a con-
sequence of the aromatic character of the substrate[19].
As a result, the bare vacancy is three-fold symmetric
in a doubly-degenerate electronic state and undergoes a
Jahn-Teller (JT) distortion, where two of the three car-
bon atoms above close a pentagon by forming a weak CC
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Figure 1: Adsorption energy profile for a single hydrogen atom
approaching the vacancy as a function of its height above the
surface.
bond [20–26], which may be referred to as JT-induced C-
C bond. There are three such possibilities which differ in
the identity of the carbon atom opposing the pentagon,
the so-called apical atom. The remaining unpaired elec-
trons give rise to singlet and triplet manifolds whose rel-
ative stability mainly depends on the height of such api-
cal carbon atom above the surface[26], the planar triplet
being most stable. Within the present theoretical ap-
proach the electronic ground state has ‘dirty’ magneti-
zation M = 1.56µB because of both the allowance of
fractional occupation and the spin-polarized framework
(see discussion on this point on Ref. 26), but has an en-
ergy which is only few meV below than that of the correct
M = 2µB state. Thus, in the following we use this state
as a reference state for the bare vacancy.
Adsorption of a first H atom is strongly exothermic,
∆E1 = −4.24 eV, and barrierless, as shown in Fig.1
where we plot the adsorption profile obtained when op-
timizing all the atom coordinates but the height of the
hydrogen atom above the surface. The H atom binds to
the apical C atom where much of the unpaired electron
density resides, and a strongly covalent bond forms be-
tween the two (notice for comparison that a typical value
for the CH binding energy is ∼ 4 eV). The carbon atom
moves slightly out of the plane (and correspondingly the
CH bond gets tilted), suggesting that full sp2 − sp3 re-
hybridization of its valence orbitals occurs. This struc-
ture has one unpaired electron left, even though the com-
puted magnetization (M = 0.56µB) is lower than one, for
the same reasons mentioned above for the bare vacancy;
indeed, the energy obtained upon constraining the mag-
netization to M = 1µB is only few meV higher.
When adsorbing a second H atom at the vacancy site
a more complex scenario arises since the two adsorbates
may bind to either the same C atom (geminal config-
uration) or two distinct C sites (dimer configuration).
3Figure 2: Detailed map of the energetics of the hydrogenated vacancy, showing a schematics of the optimized structures, with
the energies ∆∆En between them.
In the latter case, the two atoms may share the same
(syn-) or the opposite (anti-) graphene face. All these
processes are exothermic when referenced to H atoms
[much more than H atom adsorption on the basal plane
of graphene/graphite, ∆E = −0.97 eV according to the
most recent works[40]] but with a clear preference to-
wards formation of an anti -dimer: ∆∆E2 = −2.42,−3.09
and −3.34 eV for the geminal, the syn- and anti -dimer
respectively. Activation barriers are small and probably
beyond the accuracy limits of the adopted computational
approach, but suggestive of a fast adsorption kinetics:
they are 22 meV for the geminal product and 21 meV for
both dimers.
The above doubly-hydrogenated structures have dif-
ferent magnetic properties, with a net magnetization
M = 2.00µB for the anti- dimer and M = 0.00µB for
the geminal one (the syn- structure turns out to have
M = 0.00µB with two unpaired electrons, and is thus
similar in many respects to the anti- isomer). This fol-
lows from the different binding processes involved. The
first case corresponds overall to the addition of two H
atoms on the weak JT C-C bond of the reconstructed va-
cancy, a process which breaks such C-C bond but leaves
the two unpaired electrons of the bare vacancy unaltered.
On the other hand, the geminal product may be thought
as obtained by double addition to the apical C atom and
corresponding saturation of its unpaired electron den-
sity. This is confirmed by the geometrical parameters
of the optimized structures: the shortest C-C bond of
the bare vacancy (dCC = 1.98 Å; for comparison the re-
maining two bonds are 2.72 Å long) is almost unaffected
in the geminal adduct (dCC = 2.06, 2.58, 2.58 Å) while is
largely increased (above the value of the longer bonds)
in the dimer structures, dCC = 2.82, 2.72, 2.72 Å and
dCC = 2.80, 2.65, 2.65 Å for the anti- and syn- structures
respectively. Notice also that, among the latter, the syn-
structure experiences an unfavorable H-H steric interac-
tion which forces the system to additional relaxation and
reduces its stability compared to the anti- one by ∼ 23
meV.
Next, we consider adsorption of further hydrogen
atoms to the three carbon atoms surrounding the va-
cancy, and their relative arrangements, see the schemat-
ics reported in Fig. 2 as a reference. Similarly to the
sticking of the second H atom, three hydrogen atoms may
have a geminal pair or sit on different sites. In the lat-
ter case they are considered as syn- when they all sit
on the same face of the graphene sheet, and anti- other-
wise. With four H atoms formation of a geminal pair is
unavoidable, yet the arrangement of the remaining two
atoms may be geminal or syn-/anti- dimer. The five and
six atom cases parallel in a complementary way the single
H and bare vacancy cases with just one possible arrange-
ment.
The main results of this study can be summarized
as follows. Among the three-atom adducts the anti -
4structure is ∼ 1.4 eV most stable than the geminal one
(∆∆E3 = −3.82 eV vs. ∆∆E3 = −2.43 eV) and the syn-
structure is not binding at all. The two structures have
one unpaired electron (we obtainedM = 1.00µB in both
cases) either because the additional H atom breaks the
JT C-C bond and leaves one unpaired electrons (if we
start from the doubly hydrogenated geminal structure
and form the VH3 geminal one) or because it couples
(at low spin) with one of the two unpaired electrons of
the anti - dimer structure and form either the geminal or
the anti - VH3 structure. In any case, the JT C-C bond
no longer exists and the C-C distances are considerably
increased (dCC = 2.75, 2.72, 2.62 Å in the geminal and
dCC = 2.86, 2.85, 2.81 Å in the anti - structure). The
energetics follows consistently: starting from the most
stable anti - dimer structure addition of a third H atom
is easier (and more exothermic) when a σ bond is formed
on the apical atom than when H binds to an already hy-
drogenated site to form a geminal product, since in the
latter case a bond is formed with the pi-like electron left
unpaired on that site.
Among the possible four-fold hydrogenated structures
the syn- is slightly more stable than the anti - (∆∆E4 =
−2.39 eV vs. ∆∆E3 = −2.38 eV) and definitely more
stable than the geminal one (∆∆E4 = −1.57 eV start-
ing from the geminal VH3 structure). At this stage all
the four unpaired electrons initially available upon va-
cancy formation get saturated with hydrogen, and both
the syn- and the anti - structures are non-magnetic, dif-
ferently from the geminal one which has two unpaired
electrons (we obtainedM = 0.00µB in the first two cases
and M = 2.00µB in the latter). Further hydrogena-
tion is remarkably less exothermic (∆∆E5 = −1.69 eV
and ∆∆E6 = −1.21 eV) since it necessarily requires fur-
ther breaking of the aromaticity, and produces magnetic
structures with one and two unpaired electrons, respec-
tively. Indeed, compared to the bare vacancy, full hydro-
genation requires (i) saturation of the three σ dangling
bonds, (ii) saturation of the pi (midgap) state and (iii)
breaking of two C-C double bonds (a first C-C double
bond needs to be broken when hydrogenating the VH4
anti - or syn- structure).
Fig. 3 gives an overview of the energetics of the hydro-
genated carbon atom vacancy in graphene. There, the
H-atom binding energies (or affinities) Dn = −∆∆En
to form the most stable n-times hydrogenated structure
from the most stable n−1 isomer are plotted as a function
of n. Such structures are the anti - structures, the n = 4
case being an exception which shows a slight (∼ 0.01
eV) preference towards the syn- structure. For compari-
son, the values of the H binding energy in several differ-
ent situations are given as horizontal lines; such values
comprise the adsorption energy to the basal graphene
plane[40], the binding energy of the secondary H atom
to form a para- dimer[19] (a similar result holds for the
orto- dimer[19]) and the binding energy for adsorption
on an armchair edge and a zig-zag edge which are H
terminated[41]. The latter represents the largest energy
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Figure 3: H atom binding energies for the most stable V Hn
structures. Horizontal lines are reference values for the H
binding energy in the ‘bulk’ (full line), for the secondary H
adsorption to form para- dimers (dotted line), and for adsorp-
tion at an armchair (dashed) or zig-zag (long-dashed) edge.
gain when adsorbing H on pristine graphene and com-
pare rather well with the binding energies of the fourth
and fifth hydrogen atoms; larger energies are obtained for
the first three H atoms where bonding involves σ orbitals
and/or unpaired electrons.
Of interest are also some general structural changes
accompanying hydrogenation. We find that structures
with n ≥ 4 are more open than the less hydrogenated
ones, with dCC & 2.7 Å. This value has to be compared
with the corresponding value in graphene (i.e. the next-
to-nearest neighbors C-C distance in the bare, unrelaxed
vacancy) which is dCC = 2.46 Å. This ‘expansion’ is ac-
companied by a substantial movement of the C atoms
out of the plane, up to 0.7 − 0.8 Å . For instance, in
the VH3 anti - structure we obtained δzC = 0.68, 049 and
−0.34 Å and in the VH5 structure δzC = 0.79, 0.66 and
0.18 Å. C-H bond lengths fall in the range 1.07 − 1.12
Å, bonds in geminal pairs being the longest and almost
similar to CH in perfect graphene (1.13 Å). With the
same token, H-H distances in geminal pairs all fall in the
range dHH = 1.73 − 1.79 Å and distances in syn- and
anti - pairs are generally larger than these values, but
smaller values are possible for syn- pairs. For instance
we found dHH = 1.51 Å for the VH2 syn- structure and
dHH = 1.42 Å for the syn- pair in the VH3 anti - struc-
ture.
.
B. Thermodynamic analysis
With the whole energetics of the hydrogenated vacancy
at hand we performed a thermodynamic analysis to inves-
tigate the relative stability of the various hydrogenated
5Figure 4: Phase diagram for the hydrogenated C-vacancy
in graphene, showing the most stable hydrogenated species
V Hn.
species under reasonable hydrogen partial-pressure and
temperature conditions. We considered the lowest molar
Gibbs free energy of formation ∆Gfn(p, T ) at a H2 par-
tial pressure p and temperature T , which -analogously to
Eq.(1) - is given by
∆Gfn(p, T ) = GV Hn(p, T )−GV (p, T )−
n
2
GH2(p, T )
where GV Hn , GV and GH2 are Gibbs free energies for
the n−times hydrogenated vacancy, the bare vacancy
and molecular hydrogen, respectively. For the first two
terms we neglected any temperature and pressure de-
pendence and thus relied on the DFT energies above
(GV Hn ' EV Hn for n = 0, 1, etc.). For hydrogen,
some thermodynamic data are available from standard
tables[42] and ideal-gas dependence on its partial pres-
sure p can be assumed to write
GH2(p, T ) = HH2(p
	, T )− TSH2(p	, T )+
+RT ln
(
p
p	
)
≡ EH2 + ∆GH2(p, T )
where R, as usual, is the perfect gas constant, SH2(p	, T )
is the hydrogen molar entropy at temperature T and
standard pressure p	 = 1 bar, and the enthalpy is writ-
ten as HH2 = EH2 +
5
2RT for T < T
	 and HH2 =
EH2 +
5
2RT
	 + ∆HH2(p
	, T ) otherwise. Here EH2 is
the DFT energy of H2 in its equilibrium configuration
and ∆HH2(p	, T ) is the H2 molar enthalpy change from
T = T	 = 298.15 K to T at the standard pressure
p	(Ref. 42). ∆GH2(p, T ) is defined by the above equa-
tion and is the appropriate free-energy change from T = 0
to T, p. Accordingly,
∆∆Gn = ∆G
f
n −∆Gfn−1 = ∆∆Emn −
1
2
∆GH2(p, T )
where ∆∆Emn differs from the energy for sequential ad-
sorption defined above by half the dissociation energy
Dm of the H2 molecule,
∆∆Emn = EV Hn − EV Hn−1 −
1
2
EH2 = ∆∆En +
1
2
Dm
where Dm = 4.5 eV with our setup.
The results of such an analysis are reported in Fig. 4 in
the temperature range T = 250− 1800 K and for a wide
hydrogen partial pressure range p = 10−20 − 105 bar,
comprising standard atmospheric conditions (T ∼ 300K
and p = 5.55 × 10−7 bar in dry atmosphere) and ul-
tra high vacuum conditions (UHV) where the pressure is
∼ 10−12 times smaller than the standard value; p = 1 bar
and higher, on the other hand, can be achieved upon hy-
drogen exposure. Fig. 4 shows that the bare vacancy is
thermodynamically stable only at high temperature and
low hydrogen pressure; for instance, thermal annealing at
T > 1200 K would be required in atmospheric conditions
to free vacancy defects from hydrogen atoms, whereas
annealing at T = 600K, while sufficient for desorbing H
atoms and dimers from the basal plane[43], is not enough
to desorb H atoms form the vacancy. Even under UHV
conditions annealing at T & 800 K is required to have
bare vacancies, thereby suggesting that, at least for natu-
rally occurring vacancies, hydrogen passivation is ubiqui-
tary and extensive, with the triply hydrogenated species
most abundant up to T ∼ 600 K. Different results may
be expected when vacancies are intentionally introduced
into the substrate by e.g. electron or ion bombardment,
since the hydrogenation kinetics and ensuing equilibra-
tion may be considerably slowed down by the low oper-
ating partial pressures and temperatures. For instance,
STM experiments are often performed at low tempera-
tures (T ∼ 10 K) where a VH3 isomer is the most stable
species under a wide range of pressures, but where the
hydrogenation kinetics is extremely slow unless high hy-
drogen partial pressures are used. Similarly for TEM ex-
periments, despite the larger temperature typically used
(ambient conditions).
Noteworthy is the absence in Fig. 4 of any doubly
hydrogenated species, neither the geminal nor the syn-
/anti - dimer: upon increasing the temperature at con-
stant pressure the most stable isomers change from the
triply hydrogenated form to the singly hydrogenated one,
without passing from a (p, T ) region where dimers are
stable against hydrogenation/dehydrogenation; see also
Fig. 5 which reports the molar free-energies of the most
stable isomers for different temperatures, at ambient hy-
drogen partial pressure.
Finally, it is worth noticing that, as a consequence of
the energetics discussed in the previous subsection, no
geminal species prevails at equilibrium. Geminal adducts
have been recently invoked to explain long-time oscil-
lations in the zero-field µ-SR decay asymmetry[44, 45],
which were attributed to dipolar interactions between a
muonion (Mu, a H isotope ∼10 times lighter than H)
and a H atom in a -CHMu geminal structure. Though
not stable at the experimental conditions (T = 300 K)
these structures might easily form from the stable singly-
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Figure 5: Molar free-energy of formation for the most stable
isomers V Hn at atmospheric conditions p = 0.55× 10−6 bar,
for different temperatures. Circles, squares, rhombus, trian-
gles up and triangles down for T = 0, 300, 600, 1000 and 1500
K, respectively.
and triply- hydrogenated species prevailing under a wide
range of conditions, and dominate the µ-SR signal over
alternative arrangements because of structural reasons.
Among these, as observed above, the H-H distance in
geminals has a well defined value (dHH ' 1.75 Å, in
good agreement with the dipolar distance extracted by
the µ-SR signal, d = 1.70 ± 0.02 Å), irrespective of the
specific structure and unaffected by low-frequency vibra-
tions of the lattice (the lowest-frequency motion altering
such distance is a H-C-H bending). However, further in-
vestigation is required to establish whether such a prod-
uct can indeed form in a collision between a muonion and
a hydrogenated vacancy.
C. Magnetic properties
The magnetic properties of carbon atom vacancies in
graphene have been recently subjected to experimen-
tal investigations with conflicting results. Early report
of paramagnetism due to spin-1 species[46], in accor-
dance with a triplet ground-state configuration of the
bare vacancy[26], have been questioned on the light of
magnetometry measurements on carefully prepared sam-
ples, which showed the presence of spin-1/2 species for
both flourine ad-species and vacancies[16], at odds with
the different numbers of unpaired electrons left upon
defect formation. Later measurements from the same
group showed that in the presence of carbon atom vacan-
cies two different spin-1/2 local magnetic moments con-
tribute to the observed paramagnetic signal, one arising
from the σ network and one from the pi band system[17].
This finding would agree with the above mentioned elec-
tronic structure of the Jahn-Teller distorted vacancy if
the singlet-triplet separation (Hund’s coupling) were van-
M/µB m Character
1H 0.56 1 pi
2H geminal 0.00 0 -
2H anti 2.00 2 σ, pi
2H syn 0.00 2 σ, pi
3H geminal 1.00 1 σ
3H anti 1.00 1 pi
4H geminal 1.92 2 σ, pi
4H anti 0.00 0 -
4H syn 0.00 0 -
5H 1.00 1 pi
6H 2.00 2 pi, pi
Table I: Computed total magnetization M in µB and pre-
dicted number m of unpaired electrons left on the C-vacancy
after the hydrogenation process, along with their character.
ishing small to allow a decoupled response of the two
unpaired electrons left upon reconstruction, a possibility
which has been recently ruled out by accurate ab initio
results[26]. In the same work it has been shown that
the energetics is sensitive to the out-of-plane motion of
the apical carbon atom, thereby suggesting that ripples
and/or interactions with a substrates could explain why
the above mentioned unpaired electrons of the vacancy
are uncoupled. Here we consider a different scenario, i.e.
the possibility that the vacancy is hydrogenated to some
extent and thus presents a net magnetic moment which
depends on the degree of hydrogenation.
Table I summarizes the computed magnetic moment
for each structure investigated, along with the number
of unpaired electrons predicted with the help of the res-
onating valence bond model, and their ‘character’, i.e.
whether they are σ or pi and thus localized on a single
lattice position or delocalized over several lattice sites.
Notice though that “pi-moments” entries in the Table
are most often hybrid σ − pi moments: for instance, the
singly hydrogenated structure can be thought as origi-
nated from binding a H atom to one of the two sp3 hybrid
orbitals of the apical carbon atom of the bare vacancy, a
process which leaves one unpaired electron in a sp3 or-
bital free to hybridize with pZ states of neighboring C
atoms and form sp3 − pi states.
With only few exceptions the computed magnetic mo-
ments refer to pure spin states and thus agree well with
the number of unpaired electrons predicted by the res-
onance structures. For instance -as already mentioned
above- among the doubly hydrogenated structures, the
geminal one has no magnetic moment since it results
from saturating both dangling bonds on the apical C atom
of the bare vacancy, while the anti- structure has the
same magnetic moment as the bare vacancy because the
two H atoms bind to the JT bond; interestingly, in syn-
isomer, the singlet-triplet ordering seems to be reversed
and a net zero megnetic moment with two unpaired elec-
trons signals an open-shell singlet.
7A quick look at Table I reveals that hydrogenated va-
cancies have magnetic moments in the range 0.0−2.0µB ,
even though the corresponding singly occupied states
may have very different character. For instance, despite
the presence of one unpaired electron in both the VH3-
geminal and the VH3-anti structure, the corresponding
singly occupied state has either a σ or a pi origin. More in-
terestingly, taking into account the results of the previous
section, we observe that in a wide range of temperature
and hydrogen partial pressure of interest in many prac-
tical situations, the magnetic moment of the most stable
hydrogenated species (VH1, VH3 and VH4 structures)
has one and the same value, namelyM = 1.00µB . Thus,
with the exception of the bare vacancies, thermodynam-
ically stable vacant species on a wide range of ambient
conditions are expected to behave as spin-1/2 magnetic
moments as a consequence of hydrogenation.
D. STM imaging
Finally, in order to help identifying and distinguish-
ing the various hydrogenated species investigated we per-
formed, on a few relevant optimized structures, simula-
tions of the STM images within the standard Tersoff-
Hamann approximation. The sample bias was fixed at
−0.5V and constant-current images obtained by inte-
grating the local density of states in the range [−0.5, 0]
eV from the Fermi level, as the (largest) height z of an
isosurface of the resulting function.
Several situations were envisaged. First we considered
the bare vacancy which, in its stable structure, should
present a distorted configuration, with a C-C distance
sensibly shorter than the other two. However, since three
equivalent minima are possible, each differing by the ori-
entation of the JT bond, we also considered the possibil-
ity that orientational averaging occurs on the time-scale
of imaging (few seconds). This could happen either be-
cause of thermal hopping between the minima, or be-
cause a dynamic Jahn-Teller effect is operative whereby
the ground-state structure is a superposition of the three
possible distorted one and robust against environmental
dephasing. Fig. 6 shows these two possibilities, panel
(a) for the averaged structure and panel (b) for the dis-
torted one, the latter with a superimposed molecular
model to help identifying the lattice positions. As is
evident from Fig.s 6(a,b), despite the structural differ-
ences, the distorted and the symmetrical configurations
of the bare vacancy are hardly distinguishable from each
other. Both structures present a bright signal with exact
or approximate three-fold symmetry which extends far
from the vacant site and which corresponds to the above
mentioned pi-midgap state, in agreement with STM/STS
experiments [10], but no further distinguishing feature.
A distorted structure similar to that of the bare va-
cancy but with a locked configuration appears upon sin-
gle hydrogenation. In this case, the attached H atom
is not free to move on neighboring C atoms of the va-
cancy (even though we did not compute it, the barrier
for hopping likely matches the desorption barrier, as hap-
pens for hydrogen atoms adsorbed on the basal plane
of graphene[18, 19]) and the simulated STM image, re-
ported in Fig. 6 (c), shows a clearer breaking of sym-
metry than in the case of the bare vacancy. It further
shows an increase of brightness in the vacancy at the ex-
pense of the a reduced intensity of the signal due to the
pi- midgap state, probably related to the admixture of σ
and pi character (remember that the H atom is accom-
modated out-of-plane with a CH bond originating from
a sp3 C orbital, and an unpaired electron is left on the
remaining sp3 orbital, free to hybridize with the pi-band
states. Fig. 6 is the simulated image for the structure
with the H atom above the plane).
Finally, we considered one further thermodynamically
stable structure, the triply hydrogenated anti- structure
which prevails under standard conditions. Here, too,
a number of equivalent configurations is possible (three
possible orientations of the dimers in syn- relationships
times two possible positions, above or below the surface
plane) and we decided to average over them since their
interconversion does not involve any H atom transfer
and should thus be possible under ordinary temperature
conditions. Fig. 7 reports the simulated image of the
structure which shows a clear increase of the intensity
in the vacant site, as well as the expansion of the lat-
tice accompanying hydrogenation which was mentioned
above. Note that this structure still bears one unpaired
pi-moment of the kind similar to the one in Fig.s 6 (a-c)
and thus, far from the vacant site, displays the same ‘typ-
ical’ three-fold symmetric signal, though with a reduced
intensity.
A symmetric structure has been recently observed by
Robertson and co-workers[32] with TEM, under condi-
tions where the vacancy would be triply hydrogenated
if equilibrium conditions prevailed. However, our com-
puted C-C distances in the VH3-anti structure (dCC ∼
2.8 Å) are sensibly larger than those found in the exper-
iment (dCC = 2.5± 0.1 Å) that the observed structure is
likely to be a bare vacancy which dynamically switches
between its equivalent configurations (or an excited state
of the vacancy with electronic different configuration).
IV. CONCLUSIONS
We reported on a thorough investigation of the struc-
ture and energetics of several hydrogenated states of a
carbon atom vacancy in graphene. We found large H-
atom adsorption energies for the first few hydrogen atoms
(related to saturation of σ-dangling bonds) which pro-
gressively decrease towards values similar to those found
for adsorption at graphene edges. As a consequence,
under equilibrium conditions, triply- and singly- hydro-
genated species prevail over a wide range of hydrogen
partial pressure and temperatures relevant in many ex-
perimental situations. The computed energetics shows
8(a) (b) (c)
Figure 6: Simulated STM images of the vacancy of the bare vacancy (a,b) and of the singly hydrogenated vacancy (c) with
molecular models showing the lattice arrangement. Image on panel (a) has been obtained by averaging over the three equivalent
orientations of the structure.
Figure 7: Simulated STM images of the most stable triply hy-
drogenated isomer of the vacancy, averaged over its equivalent
configurations.
that geminal pairs are invariably less stable than differ-
ent hydrogen arrangements with adsorbed H atom on
different sites (if possible), preferably in an anti- config-
uration. Thus, whether geminal products are formed (as
suggested by recent µ-SR experiments[44, 45]) requires
further investigation of the dynamical aspect of the pro-
cess.
Most of the investigated structures have a net non-
zero magnetic moment capable of a paramagnetic sig-
nal. In particular, one spin-1/2 moment related to an
unpaired electron in a semilocalized pi-midgap state ap-
pears both in the singly- and triply- hydrogenated species
which dominate the (p, T ) phase-diagram describing hy-
drogenation.
Comparison with existing STM investigations of defec-
tive graphene[10] showed agreement for the presence of
the signal due to the pi-midgap state, but further stud-
ies are needed to establish whether the observed vacan-
cies are Jahn-Teller distorted, dynamically averaged or
hydrogenated to some extent. Simulated STM images
hardly distinguish a locked from an averaged bare va-
cancy but present a few marked features accompanying
hydrogenation which may help identifying hydrogenated
species.
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